Long-term use of doxorubicin (DOX) causes several side effects, especially induction of metastasis, in breast cancer cells. Pentagamaboronon-0 (PGB-0) or 2,5-bis(4-boronic acid benzylidene) cyclopentanone is a novel curcumin analog that exerts cytotoxic effects on Human Epidermal Growth Factor Receptor 2 (HER2)-positive breast cancer cells. The objective of this study was to evaluate PGB-0 as a co-chemotherapeutic agent on DOX-induced metastatic breast cancer cells, 4T1. Potential cytotoxic and antimetastatic activities of PGB-0 were screened by molecular docking under PLANTS software, which revealed that the PGB-0 interacted with matrix metalloproteinase-9 (MMP-9) and Inhibitor Kappa β Kinase (IKKβ). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay showed that PGB-0 and DOX exhibited cytotoxic effects on 4T1 breast cancer cells, with IC 50 values of 294 and 2.4 µM, respectively, and synergistically increased the cytotoxicity of DOX. Results of propidium iodide staining flow cytometry revealed that the PGB-0 and its combination with DOX induced cell cycle arrest in the S phase and the G2/M phase, respectively. In addition, PGB-0 and its combination with DOX induced apoptosis. Regarding the antimetastatic activity, a single treatment with PGB-0 inhibited cell migration, while its combination with DOX inhibited cell migration with more potency than that with single treatment, as assessed through wound healing assay. Gelatin zymography revealed that the PGB-0 and its combination with DOX inhibited MMP-9 activity. Immunoblotting assay showed that the PGB-0 and its combination with DOX decreased the expression of Rac1 and p120. In conclusion, PGB-0 increased the cytotoxicity and inhibited the induction of metastasis by DOX in breast cancer cells.
INTRODUCTION
Owing to its strong cytotoxicity, doxorubicin (DOX) has been recommended as the primary therapy in the management of metastatic breast cancer (Gavilá et al., 2015) . Despite its powerful anticancer activity, long-term use of DOX has been shown to cause various side effects, including toxicity and drug resistance (AbuHammad and Zihlif, 2013; Baguley, 2010) . In addition, lowdose DOX induces epithelial-mesenchymal transition (EMT) leading to metastasis of breast cancer cells (Bandyopadhyay et al., 2010) . A combination of a chemotherapeutic agent with a chemopreventive agent (co-chemotherapy) is considered as a promising strategy to overcome the side effects of drugs (Parhi et al., 2012) . Therefore, several co-chemotherapeutic agents have been developed to overcome the problem of DOX-induced metastasis.
There has been an ongoing research over the past few years for the exploration of the most effective antimetastatic agents as potential candidates to be developed as co-chemotherapeutic agents. For instance, taxanes or platinum compounds, either alone or in combinations, have been used for treating patients characterized as having triple-negative Metastatic Breast Cancer (MBC) (Gavilá et al., 2015) . However, each agent still exhibited several resistance phenomena. Similar to DOX, platinum compounds at low doses also induced EMT leading to metastasis, while taxane compounds were associated with side effects, such as peripheral neuropathy (Baribeau et al., 2014) . Therefore, there exists a need for the development of further effective antimetastatic agents.
Curcumin analogs based on benzylidene cyclopentanone backbones, such as pentagamavunon-0 (PGV-0) and pentagamavunon-1 (PGV-1), have been demonstrated to exert potent cytotoxic and antimetastatic activities in several types of breast cancer cells (Meiyanto et al., 2014; Putri et al., 2016) . Pentagamaboronon-0 (PGB-0) ( Fig. 1) is a novel curcumin analog based on benzylidene cyclopentanone that has been developed by the Cancer Chemoprevention Research Center (CCRC), Faculty of Pharmacy, Universitas Gadjah Mada. Initially, PGB-0 was proposed as a boron-carrying pharmaceutical agent for boron nuclear captured therapy application due to its boric acid group substitution on benzene rings. PGB-0 was shown to exert cytotoxic effects on Human Epidermal Growth Factor Receptor 2 (HER2)-positive breast cancer cells, which decreased HER2 expression (Utomo et al., 2017) . Thus, PGB-0 could be a promising agent that can be used as a co-chemotherapeutic agent.
In this study, we observed that the PGB-0 increased the cytotoxicity of DOX through the induction of cell cycle arrest in the G2/M phase and the induction of late-stage apoptosis and necrosis. PGB-0 also inhibited the induction of metastasis by DOX through the inhibition of matrix metalloproteinase-9 (MMP-9) activity and by decreasing the expression of p120 and Rac1. Therefore, PGB-0 has the potential to be developed as a co-chemotherapeutic agent to inhibit DOX-induced metastasis in breast cancer cells.
MATERIALS AND METHODS

Molecular docking
Protein-Ligand Ant System (PLANTS) 1.1 software was used for molecular docking simulation. The structure models of MMP-9 (PDB ID: 2OVX) and Inhibitor Kappa β Kinase (IKKβ) (PDB ID: 4KIK) were downloaded from www.rcsb.org. The protein was prepared using YASARA software (http://www.yasara.org/ viewdl.htm), while the ligand was prepared using MarvinSketch (http://www.chemaxon.com/marvin/download-user.html). Molecular object environment (MOE) 2010.10 software (Licensed by the Faculty of Pharmacy, Universitas Gadjah Mada) was used for visualization of the molecular interaction.
Cell culture
4T1 breast cancer cells were kindly provided by Prof. Masashi Kawaichi (NAIST, Japan). The cells were grown in high-glucose Dulbecco's modified Eagle's medium (Sigma), supplemented with 10% v/v FBS (Sigma), HEPES (Sigma), sodium bicarbonate (Sigma), 150 IU/ml penicillin, 150 µg/ml streptomycin (Gibco), and 1.25% µg/ml fungizone (Gibco), and incubated at 37°C with 5% CO 2 .
MTT cytotoxicity assay
The cytotoxic effect was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay according to Mosmann (1983) with slight modifications. The 4T1 cells (4 × 10 3 cells/well) were cultured in a 96-well plate. After 24 hours of incubation, the medium was replaced with a series of concentrations of PGB-0 (obtained from Cancer Chemoprevention Research Center, Faculty of Pharmacy, Universitas Gadjah Mada) and DOX (Sigma). After incubation for 24 hours, the medium was discarded and replaced with 0.5 mg/ ml of MTT (Biovision) and incubated for approximately 4 hours at 37°C, 5% CO 2 . The reaction was stopped with 10% Sodium Dodecyl Sulfate (SDS) in 0.01-N HCl solution and incubated overnight under dark condition to dissolve formazan salt. Cell absorbance was measured by an Enzyme-linked Immunosorbent Assay (ELISA) reader at 595 nm. The cell absorbance was converted to percentage cell viability.
Cell cycle analysis
Cell cycle analysis was performed using propidium iodide (PI) staining flow cytometry based on Kim and Sederstrom (2015) .
Cells (5 × 10
4 4T1 cells/well in a six-well plate) were seeded, treated with one-fourth IC 50 of PGB-0, half the IC 50 of PGB-0, one-fourth IC 50 of DOX, and a combination of one-fourth IC 50 of PGB-0 with one-fourth IC 50 of DOX for 24 hours. The cells were harvested on the next day and then washed with PBS and fixed gently (drop by drop) in 70% cold ethanol. The cells were stained with a staining solution containing PI 1 mg/ml protease inhibitor, 10 mg/ml Rnase, and 0.1% (v/v) Triton X-100 (Merck). They were then incubated for 5 minutes in the darkroom, transferred into a flow cytometric tube, and analyzed by BD FACS Calibur (BD Bioscience, USA).
Apoptosis Assay
Apoptosis assay was conducted by Annexin V-FITC/ PI staining flow cytometry based on Wlodkowic et al. (2009) . Briefly, 5 × 10 4 4T1 cells/well were seeded in a six-well plate and incubated with one-fourth IC 50 of PGB-0, half the IC 50 of PGB-0, one-fourth IC 50 of DOX, and a combination of one-fourth IC 50 of PGB-0 with one-fourth IC 50 of DOX for 24 hours, after which the cells were harvested by centrifugation. The cells were stained using an Annexin-V-FLUOS staining kit (Roche) consisting of 100 ml of binding buffer, 2 ml of Annexin V and PI and incubated for 10 minutes in the darkroom, according to the manufacturer's instructions. Then, the cells were analyzed using a flow cytometer (BD FACS Calibur; BD Bioscience).
Scratch wound healing assay
Scratch wound healing assay was conducted according to Liang et al. (2007) . The 4T1 cells (briefly 7.5 × 10 4 cells/ well containing 500 µl of complete medium) were seeded in a 24-well plate and incubated for 24 hours. The cells were starved by replacing the medium with culture medium supplemented with 0.5% FBS for 24 hours. After starvation, the cells were scratched using a sterile yellow tip in a straight line and treated with 2 ml of a series of concentration of samples (one-fourth and one-fourth IC 50 of PGB-0 and one-fourth IC 50 of DOX, and its combination) for 24 hours. The cells were photographed at 0, 18, 24, and 42 hours after treatment by a digital camera (Nikon, Japan). The results were analyzed using ImageJ software (Molecular Graphics Laboratory, The Scripps Research Institute), presented as percentage closure, and then statistically analyzed using SPSS 17.0.
Gelatin zymography
MMP-9 expression was evaluated by Gelatin Zymography adapted from Frankowski et al. (2012) . The 4T1 cells (3 × 10 5 cells) were seeded in a six-well plate and treated with PGB-0 at concentrations of one-fourth and one-fourth IC 50 and with DOX at a concentration of one-fourth IC 50 for 24 hours. Each medium was collected as a lysate protein and then used as a sample that was subjected to electrophoresis. Then, 10% SDS-PAGE supplemented with 0.1% gelatin was used for determining the activity of MMP-9 in the culture medium. After electrophoresis, the gels were washed and incubated with distilled water containing 2% Triton-X 100 (Merck) for 30 minutes at room temperature. The solution was removed from the gels, and then 100 ml of reaction buffer (40 mM Tris-HCl, pH 8, 10 mM CaCl 2 , 0.02% NaN 3 ) was added and incubated for 24 hours at 37°C. After removing the reaction buffer, the gels were stained by Coomassie Brilliant Blue R-250 solution and destained by a destaining solution (20% methanol, 10% acetic acid, and 70% water) until the appearance of clear bands with a dark blue background. The results were documented and analyzed by ImageJ software (Molecular Graphics Laboratory, The Scripps Research Institute).
Immunoblotting
The expression of p120 and Rac1 proteins was determined by western blotting based on Mahmood and Yang (2012) with small modification. The treated cell lines were lysed by the addition of Radioimmunoprecipitation Assay (RIPA) buffer containing a protease inhibitor. The lysate was then centrifuged to collect the supernatant. The protein concentration was measured using the Bradford method. The protein was then mixed with a loading buffer, loaded onto the SDS-PAGE wells, and then transferred to the PVDF membrane (Merck). Membrane blocking was carried out by the addition of 1× net gelatin for about 1 hour, and then the membrane was incubated overnight with primary p120 and Rac1 antibodies (Santa Cruz) at 4°C. This was followed by incubation with Horseradish Peroxidase (HRP)-conjugated secondary antibody for 1 hour. The appearance of specific bands was determined by adding the Enhanced chemiluminescence (ECL) reagent (BioRad) and observed under a luminograph (ATTO).
Data analysis
The results of the molecular docking study were validated based on the RMSD value. The affinity of the ligand was evaluated by determining the docking score represented as Piecewise Linear Potential (f PLP ) value. The cytotoxicity was measured by calculating the IC 50 and the combination index (CI) values. Data were expressed as mean ± SE. One-way analysis of variance followed by the least significant difference test was used for statistical analyses. p values < 0.05 were considered as statistically significant. The CellQuest software was used to analyze the percentage of cells in each phase of cell cycle and in each form of cell death. Immunoblotting and gelatin zymography data were analyzed by the ImageJ software (Molecular Graphics Laboratory, The Scripps Research Institute).
RESULTS AND DISCUSSION
Results
Molecular docking study of PGB-0 activity on MMP-9 and IKKβ
The objective of this research was to develop PGB-0 as a novel co-chemotherapeutic agent to overcome the DOX-induced metastasis of breast cancer cells. First, the antimetastatic activity hypothesis was constructed by performing a virtual interaction study of PGB-0 to the target study using molecular docking simulation by the PLANTS software. The target protein for screening the cytotoxic effect was IKKβ based on its role in NFκB activation for cell proliferation, while MMP-9 that played a role in extracellular matrix degradation was used as a target protein for screening the antimetastatic activity. Statistical analysis showed that the molecular docking results were valid according to the RMSD value of <2 Å ( Table 1 ). The evaluation of the docking scores showed that PGB-0 possessed a higher f PLP score than that of the native ligand. On the other hand, according to the visualization study, PGB-0 performed different binding interactions compared with those of the native ligand (Fig. 2) . On the MMP-9 protein, PGB-0 interacted with the amino acid residues Ala 189, Leu 147, and Gln 402 (Table 2) , while on the IKKβ protein, PGB-0 interacted with the amino acid residues Asp 383 and Gln 449 (Table 3) . Interestingly, binding of O atom on PGB-0 with Gln 449 on IKKβ possessed as the shortest binding compared to the other bindings (Table 3) . Overall, PGB-0 possibly possessed potential interaction capability with MMP-9 and IKKβ with different binding properties compared to those of the native ligand. Hence, PGB-0 is a potential candidate that can be used as a co-chemotherapeutic agent based on its antimetastatic activity.
Single treatment with PGB-0 and its combination with DOX exerted cytotoxic effect on 4T1 cells
Cytotoxicity assay was conducted to determine the potency of PGB-0 to enhance the cytotoxicity of DOX on 4T1 cells. The cytotoxic effect of a single treatment with PGB-0 and DOX was presented by the IC 50 value and was used to determine the dose for other assays. The single treatment with PGB-0 and Table 1 . Docking score of Pentagamaboron-0 on MMP-9 and IKKβ. DOX for 24 hours induced morphological changes and inhibited cell growth in a dose-dependent manner, with the IC 50 values being 294 and 2.4 µM, respectively (Fig. 3) . Subsequently, DOX was combined with PGB-0 to enhance the effectiveness and decrease the side effects of chemotherapeutic agents for cancer therapy.
To investigate the role of DOX as a co-chemotherapeutic agent, we combined the current concentration of PGB-0 with DOX. We used one-tenth, one-eighth, one-fourth, and half the IC 50 values as the concentrations of PGB-0 and also DOX. We observed that the combination of PGB-0 and DOX reduced the viability of 4T1 cells with more potency than that with single treatment. The combination of 37.5 μM PGB-0 (one-eighth IC 50 of PGB-0) with 1.2 μM DOX (half the IC 50 of DOX) decreased the cell viability by up to 53.88% (Fig. 3B) . Based on the cell viability, we analyzed the combinatorial status using the CI. Several combinations between PGB-0 and DOX showed a CI value <1 ( Fig. 3C; Table 3 ) indicating a synergistic effect. However, several combinations exerted an antagonist effect, with CI values of 1.05-1.45. The effect of PGB-0 in enhancing the cytotoxicity of DOX was possibly through cell cycle arrest or induction of apoptosis. Figure 2. Visualization of PGB-0 interaction on MMP-9 and IKKβ. Molecular interaction was evaluated using MOE. PGB-0 is represented as yellow balls and sticks, while the native ligand is represented as blue and violet balls and sticks. Green and purple cavities represent polar and hydrophobic interaction. 
Modulation of cell cycle by single treatment with PGB-0 and its combination with DOX
To confirm the mechanism underlying the cytotoxic effect of the combinatorial treatment on 4T1 cells, we performed cell cycle analysis by PI staining flow cytometry. Single treatment with PGB-0 at a concentration of 75 µM practically had no effect on the cell cycle profile of 4T1 cells compared to that in untreated cells. At higher doses (one-fourth and half the IC 50 values), treatment with PGB-0 slightly increased the accumulation of cells in the S phase. However, the single treatment with DOX induced cell accumulation in the G2/M phase and slightly increased the G1 cell population. The combinatorial treatment with PGB-0 and DOX increased the accumulation of cells in the G2/M phase (Fig. 3A) , indicating that PGB-0 enhanced the cell cycle modulation of DOX.
The potential effect of PGB-0 and its combination with DOX in inducing apoptosis was evaluated by Annexin V-FITC/PI staining flow cytometry. Treatment with PGB-0 in combination with DOX induced late-stage apoptosis and necrosis of the cells (Fig. 4C) . Meanwhile, the combination of PGB-0 and DOX increased the number of necrotic cells. Interestingly, single treatment as well as a combination treatment with PGB-0 was strong enough to increase the number of late apoptotic cells. Overall, the cytotoxicity of PGB-0 and its combination with DOX correlated with the induction of apoptosis. However, the role of PGB-0 and its combination with DOX in regulating the activation of specific proteins, especially on NFκB activation, still remains unclear.
Combination of PGB-0 with DOX inhibited 4T1 cell migration
The effect of PGB-0 on the DOX-induced metastatic effect in breast cancer cells was explored by inhibiting the migration process. Scratch wound healing assay on 4T1 cells was used to screen the anti-migratory effect of PGB-0. After 18 hours of incubation, an increase in the percentage closure was observed after the single treatment with DOX, indicating the induction of migration. In contrast, concentrations of 75 and 150 µM of PGB-0 decreased the percentage closure after 18 and 24 hours (Fig. 5A) . Interestingly, the combination of PGB-0 at a concentration of 75 µM with DOX 0.6 µM decreased the percentage closure by up to 32% (Fig. 5B) . Hence, single treatment with PGB-0 and its combination with DOX inhibited the migration of 4T1 cells. Several proteinases, such as MMP-2 and MMP-9, possibly correlated with the inhibition of cell migration by PGB-0.
Single treatment with PGB-0 or its combination with DOX inhibited MMP-9 expression in 4T1 cells
Determination of the inhibition of MMP-9 activity is the initial step to elucidate the inhibition of the migration process by PGB-0 based on its role in extracellular matrix degradation. Gelatin zymography on 4T1 cells was conducted to observe the potential inhibition of MMP-9 expression by PGB-0 based on gelatinase activity. Single treatment with DOX 0.6 µM slightly induced gelatinase activity in 4T1 cells (Fig. 5C ). On the other hand, the combination of PGB-0 at a concentration of 75 µM significantly inhibited MMP-9 expression compared to that observed in DOX-treated and untreated cells. More importantly, single treatment with PGB-0 at concentrations of 75 and 150 µM inhibited the MMP-9 expression with more potency compared to that in other groups (Fig. 5C) . Therefore, single treatment with PGB-0 and its combination with DOX inhibited MMP-9 expression.
Combination of PGB-0 and DOX decreased the expression of Rac1 and p120
The formation of lamellipodia was tightly regulated by Rac1 and p120 and possibly influenced by PGB-0. The effect of PGB-0 on the expression of Rac1 and p120 was determined by western blotting. Single treatment with DOX decreased Rac1 expression compared to that in the untreated groups (Fig. 5D) . On the other hand, a combination of PGB-0 and DOX significantly decreased Rac1 expression. In addition, we observed that single treatment with PGB-0 highly decreased Rac1 expression in 4T1 cells compared to that with single treatment with PGB-0. Meanwhile, DOX-treated cells showed decreased p120 expression compared to that in the untreated groups. Intriguingly, a single treatment with PGB-0 was more potent than DOX treatment in decreasing p120 expression, and a combination of PGB-0 at a concentration of 75 µM with DOX 0.6 µM resulted in the lowest p120 expression. Overall, PGB-0 decreased the expression of both Rac1 and p120 in correlation with the anti-metastatic activity on DOX-induced metastasis in breast cancer cells.
DISCUSSION
The purpose of this research was to develop PGB-0 as a co-chemotherapeutic agent to inhibit DOX-induced breast cancer cell metastasis. The ideas of co-chemotherapy are to enhance the effectiveness and to reduce the side effects of the combination of chemotherapeutic agents. Curcumin is one of the agents that can be combined with a chemotherapeutic drug to enhance its effectiveness to kill cancer cells (Kwon, 2014) . Curcumin was found to enhance the effect of 5-FU against colorectal cancer cells through the inhibition of NFκB and Src (Shakibaei et al., 2013) . Curcumin also enhanced the effectiveness of several chemotherapeutic drugs against acute lymphoblastic leukemia through the downregulation of NFκB (Pimentel-Gutiérrez et al., 2016) . Several curcumin analogs have been successfully established to improve its solubility. GO-Y030 and GO-Y078 are curcumin analogs that are 7-to 12-fold more potent growth suppressors of myeloma cells and 6-to 15-fold stronger inhibitors of NFκB, PI3K/AKT, JAK/ STAT3, and IRF4 pathways than curcumin (Kudo et al., 2011) . UBS109 and EF31 were reported to be improved solubility-potent curcumin analogs with antiangiogenic activities in pancreatic cancer and colorectal cancer cells (Nagaraju et al., 2015; Rajitha et al., 2017) . K-PGV-0 was found to enhance the sensitivity of DOX against the breast cancer cell lines T47D and 4T1 (Putri et al., 2016) . PAC was also found to be five-fold more efficient than curcumin in inducing apoptosis, primarily through the internal mitochondrial route (Al-Hujaily et al., 2011) .
Our group had successfully synthesized the novel curcumin analog, namely, PGB-0 (Utomo et al., 2017 ). An in silico study using molecular docking via PLANTS showed that PGB-0 interacted with MMP-9 and IKKβ. Then, we evaluated the co-chemotherapeutic role of PGB-0 in combination with DOX against the 4T1 cell line. Single treatment with PGB-0 and DOX showed cytotoxic effect on 4T1 breast cancer cells with IC 50 values of 294 and 2.4 µM, respectively. The IC 50 value of PGB-0 was 6-fold greater than that of K-PGV-0 (Putri et al., 2016) . This could be due to the polarity difference between K PGV-0 and PGB-0. The polarity difference may cause a difference in the process of drug diffusion into the cell. The process of drug diffusion into the cell is important since the protein targets of both curcumin and its analogs are present in the cell. In addition, the substitution with boron atom played a role in the cytotoxic activity of PGB-0. Furthermore, the combination of PGB-0 with DOX significantly reduced the viability of 4T1 cells compared to that with single treatment with PGB-0 and DOX. In general, the combination of various concentrations of PGB-0 and DOX exhibited a synergistic effect and reduced the cell viability by up to >50% in 4T1 cells. Based on this result, the further mechanism underlying the effects of PGB-0 and DOX was investigated to determine the molecular pathways from PGB-0 in the inhibition of cell growth. In this context, previous research has demonstrated that curcumin and curcumin analogs could induce cell death (Kudo et al., 2011; Pimentel-Gutiérrez et al., 2016; Shakibaei et al., 2013) , which possibly suggests that PGB-0 might enhance DOX activity against 4T1 cells through NFκB inhibition.
This study showed that PGB-0 and DOX slightly inhibited the growth of 4T1 breast cancer cells through cell cycle modulation. Single treatment with PGB-0 at a lower dose (one-eighth IC 50 , ~37.5 µM) did not affect cell accumulation, whereas higher doses of PGB-0 (one-fourth IC 50 , ~75 µM and half the IC 50 , ~150 µM) slightly induced cell cycle arrest in the S phase. Meanwhile, combination treatment with PGB-0 and DOX caused cell accumulation in the G2/M and G1 phases. These findings indicated that the cell cycle modulation mechanism of PGB-0 in 4T1 cells is slightly different from that with other curcumin analogs. These results suggest that PGB-0 inhibited cell growth through the modulation of cell cycle arrest in the S phase. Therefore, to investigate the mechanism of apoptotic induction, flow cytometric apoptosis assay was conducted. Single treatment with PGB-0 and DOX inhibited 4T1 cell growth through the mechanism of induction of late-stage apoptosis. However, single treatment with PGB-0 caused an increase in necrosis in 4T1 cells. This result may have occurred due to the 24-hour incubation time, causing the induction of necrosis in the cells. DOX itself induced p53-independent death of 4T1 cells, since 4T1 is a p53-null cell line (Yerlikaya et al., 2012) . Both PGB-0 and DOX may induce apoptosis through caspase-3 activation. This result indicates that a combination of PGB-0 and DOX may have a stronger effect in inducing apoptosis than that with single treatment. Late apoptosis may switch to necrosis due to ion accumulation (Nicotera and Melino, 2004) . Therefore, the combination treatment may require a less incubation time compared to that required for single treatment to induce apoptosis. This may be considered as a promising effective therapy because of the short incubation time.
In the present study, we also investigated the inhibition of cancer cell metastasis after treatment with a combination of PGB-0 and DOX. Cell migration is a part of the process of metastasis. Based on scratch wound healing assay results, the single treatment with PGB-0 inhibited 4T1 cell migration. Meanwhile, a combination of PGB-0 and DOX increased the DOX activity in the inhibition of cell migration. The combination of PGB-0 and DOX inhibited cell migration because of the greater migration inhibitory activity of PGB-0 than that of DOX. This finding is unique and in agreement with previous research, which showed that DOX inhibited the migration of M5076 cells (Sugiyama and Sadzuka, 1999) and hepatocellular cancer HepG2 cells (Yang et al., 2014) . However, Bandyopadhyay et al. (2010) reported that DOX induced EMT, which leads to the metastatic process in triple-negative breast cancer MDAMB 231 cells through the TGF-β pathway. showed that the curcumin can inhibit EGF-or TGF-β1-induced migration and invasion of lung cancer cells. Related to the previous findings, PGB-0 may promote the migrating inhibitory effect of 4T1 cells and in combination with DOX decrease the migration ability of 4T1 cells through the inhibition of TGF-β1-induced migration, which may be caused by DOX activity, and decrease Rac1 expression.
Moreover, single treatment with PGB-0 also inhibited the invasion process of cancer cells by reducing the expression of MMP-9. Meanwhile, treatment with DOX did not decrease MMP-9 expression. The possible molecular mechanism responsible for this finding is the inhibition of NFκB activation, which is one of the MMP-9 transcription factors. Previous research has stated that curcumin and its analog inhibited the activation of the transcription factor NFκB (Sandur et al., 2007) . Rac1 may also regulate MMP-9 expression through the p38 MAPK signaling pathway (Gonzalez-Villasana et al., 2015; Park et al., 2009; Santibáñez et al., 2010) . p120 is a protein that is required for the regulation of Rho family GTPase, such as Rac1 (Kourtidis et al., 2013) . In this study, the expression of p120 showed a decrease, subsequently decreasing the expression of Rac1.
Thus, based on the findings of our research, there are possibilities that PGB-0 can enhance the effectiveness of DOX by decreasing 4T1 cell viability through cell cycle arrest in the G2/M phase and inducing late-stage apoptosis to necrosis. The mechanism that might be involved is the NFκB activation pathway. Furthermore, PGB-0 and the combination with DOX downregulated p120 expression and subsequently decreased the expression of Rac1, thereby influencing MMP-9 activity. However, the molecular mechanism involved in PGB-0-induced inhibition in cancer cell progression needs to be explored further.
CONCLUSION
PGB-0 increased the cytotoxicity of DOX and inhibited DOX-induced breast cancer cell metastasis. Therefore, PGB-0 has the potential to be developed as a co-chemotherapeutic agent.
